In an effort to delineate the precise mechanisms underlying the organ-specific expression of photosynthesis genes, Arabidopsis lines homozygous for each transgene construct made with the gene for hygromycin B phosphotransferase or β-glucuronidase (GUS) placed under control of the promoter of the nuclear gene for the small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RBCS-3B) were constructed. Furthermore, activation tagging with T-DNA possessing quadruply repeated enhancers derived from the cauliflower mosaic virus 35S promoter was applied to a transgenic line of Arabidopsis. Mutants resistant to hygromycin B during the growth of calli generated from nongreen roots on callus-inducing medium resulted from the expression of hygromycin B phosphotransferase driven by the RBCS-3B promoter. Three mutant lines, ces101 to ces103 (callus expression of RBCS), were obtained from approximately 4,000 calli resistant to a selectable marker for transformation. The active transcription driven by the RBCS-3B promoter in all the calli of ces mutants was confirmed by expression of both the GUS reporter gene and endogenous RBCS-3B. Chlorophyll and carotenoids, as well as light-dependent O 2 evolution, have been detected in the calli of all ces mutants. The loci where T-DNA was integrated in the ces101 line were determined by thermal asymmetric interlaced (TAIL)-PCR. The introduction of a DNA fragment harboring the gene for receptor-like kinase placed under the influence of enhancers into the parental line reproduced the phenotype of ces mutants. We have thus concluded that CES101 is a receptor-like kinase. The strategy presented in this investigation may promise to select a greater number of ces mutants.
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Introduction
Chloroplast development in higher plants is regulated by intrinsic developmental pathways and extrinsic environmental signals that regulate organ-specific expression and photomorphogenesis. The expression of photosynthesis genes located in both nuclear and plastid genomes is suppressed in non-green cells such as are found in roots and cultured calli, whereas these genes are highly expressed in green organs such as leaves. Investigations into the mechanisms underlying the green organ-specific expression of nuclear genes have included examination of DNA structures reflected by base modification, cis-acting elements of promoter regions, trans-acting factors associated with transcriptional machinery, RNA stability and translation (Kobayashi 1991) . Our understanding of the regulatory mechanisms at play, however, is far from complete.
A variety of photomorphogenic mutants have been screened and the mutated genes have been characterized in respect of Arabidopsis thaliana (Chory et al. 1996, von Arnim and Deng 1996) , whose nuclear genome has also been completely sequenced at the nucleotide level (Arabidopsis Genome Initiative 2000) . Although genes involved in green tissue-specific expression of photosynthesis genes may function in concert with products of genes regulating photomorphogenesis, mutants selected by disruption of the organ-specific expression of photosynthesis genes have not been reported. Roots and calli, which lack photosynthetic activity, possess reduced tran-scriptional activity of photosynthesis genes (Y. Niwa, M. Shimizu, K. Goto, K. Kobayashi, M. Seki, H. Morikawa and H. Kobayashi, unpublished) .
Activation tagging utilizing enhancer sequences derived from the cauliflower mosaic virus (CaMV) 35S promoter, which were randomly integrated into chromosomes of higher plants by Agrobacterium-mediated transformation or practical use of exogenous transposons, was first successfully adapted in a study that identified a gene for auxin-independent growth (Hayashi et al. 1992) . Following the success of this experimental strategy, the technique has been employed to characterize the function of dozens of genes using activation-tagged lines established independently by several research groups (Weigel et al. 2000) . We designed a strategy to search mutant calli induced from roots where the expression of photosynthesis genes was initiated by activation tagging. For this purpose, we initially introduced four reporter genes placed under the control of the RBCS (gene for small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase, Rubisco) and CAB (LHCB, gene for chlorophyll a/b-binding proteins) promoter. A method for screening mutants immediately after sending enhancer sequences into chromosomes of cultured cells without establishing a series of activation-tagged lines had been first applied for finding CKI1, the gene for a histidine kinase homolog implicated in cytokinin signal transduction (Kakimoto 1996) . We have employed this strategy in combination with reporter gene-facilitated screening of heterotrophically cultured calli of Arabidopsis.
Results

Arabidopsis lines transgenic with reporter genes driven by photosynthesis gene promoters
We focused on the expression of two nuclear genes for photosynthesis, RBCS and CAB (recent nomenclature, LHCB), which have been studied intensively. Among these gene families, it was determined that the transcriptional activity of RBCS-3B and CAB1 (LHCB1*At3) in Arabidopsis green leaves, roots and calli is under the strictest control in a green organ-specific manner (Y. Niwa, M. Shimizu, K. Goto, K. Kobayashi, M. Seki, H. Morikawa and H. Kobayashi, unpublished.) . The binary vectors pGA-cab-luc-rbcS-gus and pGA-cab-bar-rbcS-hph (Fig. 1A) were constructed in which the reporter genes were placed under control of the CAB1 and RBCS-3B promoters. The reporter genes consisted of the gene for firefly luciferase (luc), β-glucuronidase (uidA), the gene for phosphinothricin acetyltransferase conferring bialaphos resistance to plants (bar) and the gene for hygromycin B phosphotransferase (hph). The constructs were introduced into the roots of Arabidopsis ecotype Columbia by Agrobacterium tumefaciens GV3101-mediated transformation, followed by regeneration of the plants. From the 19 transformant lines possessing cab-lucrbcS-gus investigated, line LG11-1 was chosen based on criteria consisting of green leaf-specific expression of uidA and luc (Table 1 ) and the presence of a single integrated locus (near COP9 in chromosome 4). Among the five transformant lines possessing cab-bar-rbcS-hph, line BH2-4-7 was selected due to the presence of a single integrated locus (close to nga106 in chromosome 5), and green leaf-specific expression of hph, although the roots were incapable of growing in the presence of hygromycin B. Lines LG11-1 and BH2-4-7 were crossed, selfpollinated, and one resultant line, named 2-1-6, in which both constructs were homozygously integrated, was chosen for mutant selection. When calli were induced from green leaves of line 2-1-6 harboring P RBCS -hph, the calli were not sensitive to hygromycin B ('leaf P RBCS -hph', Fig. 1B ). This is possibly due to the remaining green organ-specific expression of P RBCS -hph, resulting in the growth of calli to similar extents to those from leaves and roots of a line transgenic with P 35S -hph (compare with 'leaf P 35S -hph' and 'root P 35S -hph', Fig. 1B ). On the other hand, roots of line 2-1-6 did not grow on callus-inducing medium (CIM) containing hygromycin B ('root P RBCS -hph', Fig. 1B ), indicating that these roots were suitable for selection of mutants in which RBCS is expressed in calli.
Screening for ces (callus expression of RBCS) mutants
Roots of line 2-1-6 were infected with A. tumefaciens harboring pRi35ADEn4 (Fig. 2) . The T-DNA used possessed quadruply repeated enhancers derived from the CaMV 35S promoter (Hayashi et al. 1992) , and the gene for acetolactate synthase which would confer resistance to sulfonylurea (Lee et al. 1988 ) and facilitate the selection of transformants. Roots were incubated on CIM supplemented with chlorsulfuron (a primary compound of sulfonylurea) and subsequently with hygromycin B (Fig. 2A) . We obtained approximately 4,000 chlorsulfuron-resistant calli and confirmed the presence of integrated T-DNA in the calli by PCR. The T-DNA was amplified specifically from chlorsulfuron-resistant calli with the same size as that derived from pRi35ADEn4 ( Fig. 3A shows some transformants), indicating that the transformation was performed successfully. Transformed calli were subjected to screening for possible hygromycin B resistance, resulting from Fig. 1 Constructs of binary vectors to monitor the activity of RBCS and CAB promoters (A) and photographs of calli transformed with the constructs (B). (A) Details concerning the making of constructs are described in Materials and Methods. P RBCS3B , the promoter region of RBCS-3B; P CAB1 , the promoter region of CAB1; LB, left border of T-DNA; RB, right border of T-DNA; P nos , the promoter of the nopaline synthase gene; T nos , the terminator of the nopaline synthase gene; uidA, the gene for β-glucuronidase; luc, the gene for firefly luciferase; nptII, the gene for neomycin phosphotransferase II; hph, the gene for hygromycin B phosphotransferase; and bar, the gene for phosphinothricin acetyltransferase conferring bialaphos resistance to plants. (B) Induction of calli from leaves and roots transgenic with P RBCS -hph. In an effort to determine which organ should be used for callus induction for the purpose of monitoring the activation of P RBCS -hph expression, line 2-1-6 harboring the P RBCS -hph construct, and a line possessing P 35S -hph as a positive control, were examined. Leaves (line with P 35S -hph and line 2-1-6 with P RBCS -hph) and roots (line with P 35S -hph and line 2-1-6 with P RBCS -hph) were incubated on CIM medium supplemented with 20 µg ml -1 hygromycin B for 4 weeks. Each panel shows a callus generated in an independent experiment. , the gene for ampicillin/ carbenicillin selection; ColEl ori, the replication origin of Escherichia coli plasmid ColE1; pRiA4 ori, the replication origin of Ri plasmid A4; En, the CaMV 35S enhancer; P CaMV35S , the CaMV 35S promoter; LB, left border of T-DNA; RB, right border of T-DNA; ALS-SU r , the gene for mutated acetolactate synthase conferring resistance to sulfonylurea. the expression of P RBCS -hph. Throughout the continuous culture, three calli survived in the presence of chlorsulfuron and hygromycin B, the T-DNA inserts of which were confirmed by PCR (Fig. 3B ). All three calli selected were pale-green, instead of the ivory yellow of their parental line (Fig. 3C ). These were named ces101 (callus expression of RBCS 101; 'ces' registered in the Arabidopsis Gene Symbol Registry, http://www.arabidopsis.org/jsp/processor/genesymbol/symbol_main.jsp), ces102 and ces103 mutant candidates.
GUS activity of ces mutant candidates
Calli of ces mutants resistant to hygromycin B were analyzed for P RBCS -uidA expression by staining with X-gluc. Calli of the parental line 2-1-6 in which RBCS-3B was not expressed did not stain (Fig. 4A ), although the leaves in which RBCS-3B was strongly expressed stained blue (data not shown). Calli of ces mutants were stained blue (Fig. 4A ), indicating that uidA was strongly expressed under control of the RBCS-3B promoter. GUS activity was also determined using 4-methylumbelliferylglucuronide (MUG). While no activity was detected in calli of the parental line, the activity was high in the ces mutant calli (Fig. 4B) . The overall results indicate that the RBCS-3B promoter was active in ces mutant calli and resulted in the expression of hph and uidA.
Expression of endogenous RBCS-3B in ces mutant candidates
The level of endogenous RBCS-3B mRNA transcript was determined by real-time reverse tanscription-PCR (RT-PCR). Total RNA, extracted from the calli of ces mutants and the parental line, was subjected to cDNA synthesis using reverse transcriptase. The gene for actin 2 (ACT2) was employed as an internal normalization standard. The level of RBCS-3B mRNA transcript was approximately 700 times higher in ces101 calli, 30 times higher in ces102 calli and 500 times higher in ces103 calli than that in calli of the parental line (Fig. 4C ).
Photosynthetic activity of ces mutant calli
Chl fluorescence was not detected in calli of the parental line by confocal microscopy (Fig. 5A ). However, it was emitted in cells of ces101, ces102 and ces103 calli, where the sizes of compartments emitting the fluorescence were smaller than those in leaves of the parental line. The fluorescent compartments seem to be held against the cell walls in calli of all ces mutant lines, where central vacuoles would develop well. Chl a and b were undetectable in calli of the parental line, whereas those of ces mutants were high (Fig. 5B ) but lower than those in green leaves (data not shown). Carotenoids also accumulated more in calli of ces mutants than in those in the parental line (Fig. 5C ). The photosynthetic activity as light-dependent O 2 evolution was detected in the calli of all ces mutants, when O 2 absorption by respiration was observed in the calli of the parental line in the light and in all the calli in the dark (Fig.  6A) . The expression of Rubisco in ces mutant calli was examined at the protein level by immunoblotting (Fig. 6B) , when the size of the small subunit of Rubisco, the RBCS gene product, is equivalent to that in leaves of the parental line. Therefore, the small subunit molecules seem to be properly transported into chloroplasts in ces mutant calli. Total cellular RNA was extracted from calli of ces101 and the parental line, and subjected to oligo-DNA microarray (14,880 genes, Agilent Technologies). The levels of transcripts for a dozen genes related to photosynthesis were higher in calli of ces101 than in those in the parental line ( Table 2) .
Identification of genes governing the phenotype
The integration of one copy of T-DNA per genome was detected in the ces101 line by Southern hybridization (data not shown), and thermal asymmetric interlaced (TAIL)-PCR (Liu et al. 1995) revealed its location at approximately 6 Mbp from the top of chromosome 3, the region covered by P1 clone MSL1, with a 70 bp deletion of chromosome DNA at the right border of integrated T-DNA. There were genes for receptor-like kinase (RLK) (At3g16030), unknown protein (At3g16040) and A DNA fragment harboring either RLK or kinesin was combined with quadruply repeated enhancer sequences and integrated into the binary vector pBCH1 to generate pBEn4R or pBEn4K as described in Materials and Methods. Calli induced from roots of the parental line 2-1-6 were subjected to Agrobacterium-mediated transformation with pBEn4R or pBEn4K. Calli were cultured on CIM for 4 weeks. Each panel shows an independent transformant callus, with pBEn4R1 to pBEn4R3 or with pBEn4K1 to pBEn4K3. (C) Transcript levels of the gene for RLK located near the integrated T-DNA in ces101 calli. Real-time RT-PCR was performed with total RNA extracted from calli of the parental line, ces101, and transformant callus with pBEn4R and pBEn4K. (D) Transcript levels of the RLK gene in the different organs. Total cellular RNA was extracted from calli, 5-week-old leaves, 3-week-old roots and flowers of the wild-type line (Columbia). Transcript levels were determined by real-time RT-PCR using a LightCycler (Roche). Transcript levels are normalized with the internal standard ACT2, and indicated as their ratios to levels in calli of the wild-type line.
ethylene-responsive protein (At3g16050) near to the left border of T-DNA, as well as for kinesin (At3g16060) close to the right border (Fig. 7A) . The transcript level of RLK was enhanced >2-fold in calli of ces101 compared with the parental line, as revealed by real-time RT-PCR (Fig. 7C) , while transcript levels of unknown protein, ethylene-responsive protein and kinesin did not increase (data not shown). Therefore, it is supposed that the expression of RLK may contribute the phenotype to ces101 calli. To confirm whether the ectopic expression of RLK would reproduce the phenotype of ces101, a DNA fragment harboring either RLK or kinesin was picked up from P1 clone MSL1, combined with quadruply repeated enhancer sequences and introduced into the binary vector pBCH1 (Ito et al. 2001 ) to generate pBEn4R and pBEn4K, respectively. Calli induced from roots of the parental line 2-1-6 were transformed with the constructs. Calli generated from independent transformants with pBEn4R were pale-green, whereas calli transformed with pBEn4K were ivory yellow (Fig. 7B ). When RNA prepared from the calli transformed with either pBEn4R or pBEn4K was analyzed by real-time RT-PCR, significantly enhanced levels of transcripts for RLK were found only in calli transgenic with pBEn4Rs but not pBEn4Ks (Fig. 7C) . The transcript levels of RBCS-3B were also elevated, in agreement with the extent of expression of RLK (data not shown). Therefore, the phenotype of ces101 is ascribed to the expression of the gene for RLK (referred to as CES101 hereafter). The transcript levels of CES101 in each organ were determined by realtime RT-PCR, resulting in expression of CES101 predominantly in leaves, whereas it was low in calli, roots and flowers (Fig. 7D ).
Discussion
The screening and examination of Arabidopsis photomorphogenetic mutants such as det (de-etiolated) (Chory et al. 1989 , Pepper et al. 1994 , fus (fusca) (Castle and Meinke 1994) and cop (constitutively photomorphogenic) (Deng et al. 1991 , Deng et al. 1992 , Wei et al. 1994 ) added credence to the notion that factors which can suppress the expression of photosynthesis genes exist, and that these participate in non-green morphogenesis. On the other hand, cue (CAB underexpressed) mutants in which positive regulators of light-controlled CAB expression are disordered have been reported (López-Juez et al. 1998) . Although it is speculation to suggest that factors involved in activation of photosynthesis gene expression are present, a few cases have been confirmed such as the green organ-specific occurrence of CAAT-binding factor (CBF) (Kusnetsov et al. 1999) , the light-dependent generation of Gbox-binding factor 2 (GBF2) (Terzaghi et al. 1997 ) and the light-regulated nuclear factor (LRF-1) (Buzby et al. 1990) . At this point in time, the signal transduction pathways responsible for generating these factors, which in turn regulate photosynthesis gene expression, remain almost unknown. Employment of the strategy developed in the present investigation may bring us closer to identifying a number of factors that positively regulate organ-specific expression of photosynthesis genes.
The strategy presented in this study is characteristic of efficient screening of a large number of transformant lines without regeneration of plants by a reporter gene activity driven by a photosynthesis gene promoter in dedifferentiated calli, resulting in success in selecting three ces mutants. There were pale-green calli in which the gene for RBCS-3B was highly expressed at both the mRNA and protein levels. Furthermore, we have detected Chl and carotenoids, as well as plastids emitting Chl fluorescence. A dozen detectable photosynthesis genes were highly expressed in calli of ces101, in contrast to those of the parental line. It is concluded that ces101 is the mutant in which the signal transduction pathway for expression of photosynthesis genes became activated even in dedifferentiated calli.
We have determined the locus of T-DNA insertion in the ces101 line by TAIL-PCR, and identified the gene for RLK to be CES101 whose expression causes the phenotype. Enhanced expression of CES101 resulted in RBCS transcription in transformant calli, indicating that CES101 as an RLK may regulate the expression of photosynthesis genes. The RLK family is composed of 610 members Bleecker 2001, Shiu et al. 2004) , and is reported to participate in various signal transductions. The first category includes RLKs that control plant growth and development, for example ERECTA in determining organ shape (Torii et al. 1996) , CLAVATA1 in controlling differentiation in shoot meristems (Clark et al. 1997) , BRI1 identified to be a brassinosteroid receptor capable of combining with brassinolide, subsequently in transmiting brassinosteroid signals (Kinoshita et al. 2005) , maize CRINKLY4 in governing cell morphogenesis and differentiation (Becraft et al. 1996) , and Brassica rapa SRK in regulating self-incompatibility (Takasaki et al. 2000) . The second category includes RLKs involved in plant-microbe interactions and defense responses (Shiu et al. 2004 ). CES101 possesses putative domains of Slocus glycoprotein (SLG) and Ser/Thr protein kinase, and has been classified into the RLK subfamily SD-1b (Shiu et al. 2004 ) to which ARK1, the Arabidopsis counterpart of SRK involved in self-incompatibility through interaction with Slocus protein 11 (SP11), belongs (Takayama et al. 2001 ). ARK1 exhibiting the highest homology to CES101 among RLKs (Shiu and Bleecker 2001) , has been proved to be associated with kinase activity (Tobias and Nasrallah 1996) . Therefore, CES101 may have its activity. The discovery of participation of CES101 has indeed added an additional example to the roles of the RLK family.
We have presented the evidence for transcriptional regulation of plastid photosynthesis genes in a green organ-specific manner (Isono et al. 1997a) , and studied nucleus-encoded σ factors of plastid RNA polymerase involved in the regulation (Isono et al. 1997b ). Nucleus-regulated plastid gene expression and plastid to nucleus signaling (Rodermel 2001) are of great interest. The analysis of the ces series of mutants, three of which we describe here and we may obtain more in continuous screening, could provide clues to discovering the mechanisms underlying the intracellular signaling for chloroplast biogenesis.
Materials and Methods
Constructs for reporter genes
DNA fragments covering the promoter region (approximately 1.5 kbp each) of CAB1 (LHCB1*At3) for the chlorophyll a/b-binding proteins, or RBCS-3B (Niwa et al. 1997) for the small subunit of Rubisco from Arabidopsis (Columbia) were positioned so as to drive the expression of the luc or uidA genes, respectively. These constructs were combined to make P CAB -luc-P RBCS -uidA (luc was derived from pDO432, Ow et al. 1986 ; and uidA was derived from parAs-GUS, Niwa et al. 1994) . The same promoter regions were also placed ahead of the bar and hph genes, to generate P CAB -bar-P RBCS -hph (bar was derived from pARK22, Sawasaki et al. 1995 ; and hph was derived from pDH25, Cullen et al. 1987) . The HindIII-NotI fragment harboring P CAB -luc-Tnos and the NotI-KpnI fragment harboring P RBCS -uidATnos were ligated to the HindIII-and KpnI-digested binary vector pGAomega [derived from pGA469 and combined with pUC18 at the EcoRI site], resulting in the generation of a plasmid named pGA-cab-luc-rbcS-gus (Fig. 1A) . The same restriction enzyme sites were used to construct pGA-cab-bar-rbcS-hph in the binary vector (Fig. 1A) .
Genetic transformation
Transformation was carried out with A. tumefaciens GV3101 (Koncz et al. 1989) . Arabidopsis transformant lines homozygous with a single locus of each of the aforementioned joined constructs were crossed and self-pollinated. Line 2-1-6, in which both constructs were homozygously integrated in a different chromosome (chromosomes 4 and 5), was chosen for mutant selection.
Activation tagging and mutant selection
Seeds were surface sterilized, sown in plastic Petri dishes containing solidified Murashige-Skoog (MS) medium with gellan gum (San-Ei Gen F.F.I., Inc., Toyonaka, Japan), and vernalized for 2 d at 4°C (Tsugane et al. 1999) . Following 7 d of incubation in growth chambers (at 20°C, continuous white fluorescent light), 15-20 seedlings were transferred to flasks containing liquid MS medium and subsequently grown with shaking at 80 rpm for 2 weeks. Thereafter, cultured roots were detached from green tissues (leaves and stems), cut into 3-6 mm segments, transferred to CIM (MS medium supplemented with 0.5 µg ml -1 2,4-D and 50 ng ml -1 kinetin; Valvekens et al. 1988) , and incubated in growth chambers for 5 d.
The binary vector for activation tagging, pRi35ADEn4 (Fig. 2B ), was constructed through the ligation of three DNA fragments. The replication origin region of pRiA4 and the left border (LB) were derived from pBUG2R (Niwa et al. 2003) , while the quadruple enhancer of the CaMV 35S promoter and right border (RB) were derived from pPCVICEn4HPT (Hayashi et al. 1992) . The sulfonylurea-resistant acetolactate synthase gene cassette with P196A and W573L mutations was derived from the plasmid pUC35AD (kindly provided by Barbara J. Mazur, E.I. du Pont de Nemours & Co., Wilmington, DE, USA; Lee et al. 1988) . The roots were infected with A. tumefaciens GV3101 harboring pRi35ADEn4. Following co-culturing, the roots were washed with liquid CIM supplemented with 0.1 mg ml -1 cefotaxime. The roots were then cultured on CIM in the presence of 0.2 mg ml -1 vancomycin and 0.1 mg ml -1 cefotaxime to inhibit the proliferation of A. tumefaciens, in addition to 0.1 µg ml -1 chlorsulfuron for transformant selection over a 3 week period. Transformed calli were then transferred to CIM supplemented with 0.2 mg ml -1 vancomycin, 0.1 mg ml -1 cefotaxime, 0.1 µg ml -1 chlorsulfuron and 20 µg ml -1 hygromycin B. Mutant candidates were repeatedly selected on the medium.
Identification of T-DNA inserts by PCR
Genomic DNA was extracted using Isoplant (NIPPON GENE CO., LTD., Toyama, Japan) or as described (Weigel and Glazebrook 2002) from calli that grew on CIM containing 0.1 µg ml -1 chlorsulfuron. This DNA was then subjected to PCR in an effort to amplify approximately 200 bp of P 35S -ALS-SU r using the primers 35SminiL-fd ) and ALS22-rv (Table 3) , followed by agarose gel electrophoresis with 3% (w/v) agarose21 (NIPPON GENE CO., LTD.). 
GUS assays
Candidate calli were analyzed for RBCS promoter activity by staining with X-gluc. Staining solution included 0.5 mg ml -1 X-gluc, 0.3% (v/v) Triton X-100, 20% (v/v) methanol, 0.5 mM K-ferricyanide and 0.5 mM K-ferrocyanide as catalysts in 0.1 M Na-phosphate buffer (pH 7.0). Mutant and parental line leaves and calli were stained overnight with the solution at 37°C in the dark.
GUS activity was determined using fluorometric MUG. Calli were ground using a mortar and pestle in the presence of extraction buffer consisting of 0.1 M Na-phosphate (pH 7.5) and 1 mM dithiothreitol (DTT). The homogenate was centrifuged at 21,500×g for 1 min, and the supernatant was centrifuged again. The protein concentration was determined using BCA Protein Assay Reagent (Pierce, Rockford, IL, USA). Portions (2 µl) of the supernatant were added to reaction solution (0.5 ml finally) consisting of 1 mM MUG, 50 mM Na 2 PO 4 (pH 7.0), 10 mM EDTA, 0.1% (w/v) Na-laurylsarcosine, 0.1% (v/v) Triton X-100 and 20% (v/v) methanol, and incubated at 37°C. Following incubation for 5, 10, 15 and 20 min, 100 µl of reaction mixture was taken and added to 0.9 ml of 0.2 M Na 2 CO 3 . The fluorescence intensity was determined using a Microtiter Plate Reader (Hitachi, Tokyo, Japan) with an excitation wavelength of 360 nm and an emission wavelength of 450 nm. GUS activity is presented as 4-MU pmol min -1 µg protein -1 .
Real-time RT-PCR
Total cellular RNA was extracted using Isogen (NIPPON GENE CO., LTD.). Following the cleavage of genomic DNA by RNase-free DNase I (TAKARA SHUZO CO. LTD., Otsu, Japan), the RNA was subjected to cDNA synthesis using the First Strand cDNA Synthesis Kit (Roche, Indianapolis, IN, USA). Real-time PCR was carried out using the LightCycler Quick System 330 (Roche). Transcript levels were normalized using ACT2, the gene for actin 2 (Isono et al. 1997b) , as the internal standard, and are presented as ratios. The primers used in the real-time PCR were as follows: RBCS-lc-fd, RBCS-3B-s-rv, ACT2-fd, ACT2-rv2, RLK-fd and RLK-rv (Table 3) .
Confocal microscopy
Chl fluorescence of plastids and cell structures was observed by a Laser Scanning Microscope LSM 510 META (Carl Zeiss, Jena, Germany).
Determination of chlorophyll and carotenoid contents
Contents of Chl a and b, and carotenoids were determined according to Lichtenthaler (1987) . Extracts were obtained from 0.1 g (in fresh weight) of leaves of 4-week-old plants and of calli, and homogenized in 1 ml of 80% acetone. Spectrophotometric determination was carried out by a Bio Spec-mini (Shimadzu, Kyoto, Japan). The quantification was repeated in three independent experiments.
Measurement of photosynthetic activitiy
Photosynthetic activity was determined by monitoring the concentration of O 2 by a Clark-type oxygen electrode (Hansatech Instruments Ltd, Kings Lynn, Norfolk, UK). White light (1,800 µmol m -2 s -1 ) was supplied by a halogen light source LS2 (Hansatech) (Gray et al. 1996) .
Immunoblot analysis
Details concerning protein extraction are given in the section covering the GUS assays. Extracts were boiled for 3 min after being mixed with an equal volume of sample buffer consisting of 0.1 M Tris-HCl (pH 6.8), 4% (w/v) SDS, 12% (v/v) 2-mercaptoethnol, 20% (v/v) glycerol and 1% (w/v) Bromophenol Blue (BPB), and subjected to SDS-PAGE [12% (w/v) polyacrylamide]. Following SDS-PAGE, proteins were electrophoretically transferred onto a polyvinylidene difluoride membrane, Hybond-P (Amersham Biosciences, Buckinghamshire, UK). The membranes were blocked with Block Ace (Dainippon Pharmaceutical Co., Ltd, Osaka, Japan) and then incubated in Tris-buffered saline (TBS) containing 0.1% (v/v) Tween-20 and primary and secondary antibodies which were diluted 1 : 50,000 and 1 : 10,000, respectively. The primary antibodies represented the IgG fraction of rabbit antibodies against spinach Rubisco (Ngernprasirtsiri et al. 1988) , while the secondary antibodies were goat anti-rabbit IgGs conjugated with alkaline phosphatase (Bio-Rad, Hercules, CA, USA). Signals were detected using enzyme catalysed fluorescence (ECF) as the substrate (Amersham Biosciences).
Oligo-DNA microarray analysis
Total cellular RNA was extracted from calli using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Following removal of genomic DNA with RNase-free DNase I (TAKARA SHUZO CO. LTD.), the RNA was further purified by an RNeasy Mini Kit (Qiagen). The total cellular RNA (20 µg) was used for cDNA synthesis, labeling and subsequent hybridization by an Arabidopsis 1 Oligo Microarray Kit (Agilent Technologies, Palo Alto, CA, USA). Microarray analysis was repeated in two independent experiments. The results are shown as averages of the data whose P-values were ≤0.01 in two independent experiments.
Thermal asymmetric interlaced (TAIL)-PCR
Total DNA was extracted from the mutant calli and subjected to TAIL-PCR (Liu et al. 1995 , Liu et al. 2005 . Primers specific to the T-DNA left borders were LB1, LB2 and LB3 (Table 3 ). The degenerate primers used were AD2, AD3, and AD2-2′ (Table 3) . After tertiary PCR, fragments were separated by gel electrophoresis and purified from gels. Purified fragments were directly sequenced. Since it was difficult to amplify the region of the right border, the CES101-rv primer (Table 3) was designed in a region harbored by P1 clone MSL1, and was amplified with a primer specific to right border, RB3 (Table 3) .
Construction of binary vectors for identifying causal genes
P1 clone MSL1 was digested with XbaI and separated by agarose gel electrophoresis. The 6.8 kb fragment containing the RLK gene and the 8.7 kb fragment possessing the kinesin gene were retrieved from gels. Two fragments, respectively, were cloned into pGEM-3Zf (Promega Corporation, Madison, WI, USA) and digested with XbaI to generate pRE and pK harboring genes for RLK and kinesin.
For pBEn4R, the DNA fragment harboring quadruply repeated enhancers between SpeI and the outermost EcoRV sites in pRi35ADEn4 was cloned into pGEM-5Zf (Promega Corporation) to make pEn4. pRE was digested with SphI and KpnI, and pEn4 was digested with SphI and SpeI. These two fragments were retrieved from gels and co-ligated with the SpeI-KpnI backbone cloned into pBCH1 (Ito et al. 2001) to make pBEn4RE, which was further digested with SpeI, and the resultant fragment containing enhancer sequences and the gene for RLK was cloned into pBCH1 digested with SpeI to generate pBEn4R.
For pBEn4K, the fragment between AatII and the outermost XhoI sites in the insert of pK, and that cut out with AatII and SpeI from pEn4, were co-ligated with the SpeI-XhoI backbone of pBCH1.
